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a b s t r a c t

Commercially-pure zirconium is alloyed and dealloyed repeatedly with hydrogen at 810 �C,

thereby cyclically triggering phase transformations between hydrogen-free a-Zr and

hydrogen-alloyed b-Zr. Under an externally applied tensile stress, the internal mismatch

stresses produced by the a-b transformations are biased, resulting in the accumulation of

strain increments after each chemical cycle in the direction of the applied stress. Two key

parameters, i.e., half-cycle time and applied stress, are examined to determine their effects

on the strain increments. A tensile strain of 133% is achieved without fracture after

multiple chemical cycles, demonstrating for the first time transformation superplasticity in

zirconium induced by isothermal hydrogen cycling.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction a result of its interaction with coolant water, zircaloy is
The interaction of metals with hydrogen is of interest for two

main reasons: to develop solid hydrogen storage systems

[1e5], and to allay concerns regarding the degradation of the

mechanical properties in hydrogen-containing alloys for

structural applications, which is known as hydrogen embrit-

tlement [6e9]. In particular, zirconium and its alloys have

been examined by various researchers as hydrogen carriers

[1,2,10] and for structural metallic systems with concerns in

the deterioration of the mechanical properties [6e8,11,12].

The latter is particularly well studied, as zirconium alloys are

used in nuclear reactors, owing to their low neutron absorp-

tion, good corrosion resistance, and good mechanical prop-

erties [6,12]. For example, Zircaloy-4 (Zr-1.5Sn-0.2Fe-0.1Cr) is

used widely as cladding for uranium fuel to protect against

deterioration from the flowing coolant [6,13e15]. However, as
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subject to hydrogen uptake during operation. This is unde-

sirable, since the high diffusivity of hydrogen and the forma-

tion of zirconium hydride phases in the alloy lead to the

deterioration of their mechanical properties. Also at lower

levels of hydrogen, before hydride formation, zirconium and

its alloys undergo a phase transformation from a-Zr to b-Zr.

Rapid deformation can occur when an external stress is

applied during a phase transformation and this trans-

formation mismatch plasticity (TMP) may be of concern

during reactor operation.

On the other hand, TMP can be harnessed to achieve very

large deformation at low stresses when numerous phase

transformations are triggered by cyclically charging and dis-

charging the material with hydrogen at elevated tempera-

tures. Transformation mismatch plasticity (TMP) and the

closely related internal-stress plasticity (ISP) are used to
ublished by Elsevier Ltd. All rights reserved.
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Fig. 1 e Schematic of the custom-built machine used to

measure strain under cyclic hydrogen atmosphere, for

a sample subjected to a constant tensile stress at elevated

temperature.
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increase the deformation rate of various metals, alloys, and

ceramics undergoing deformation by creep or low-

temperature plasticity, as reviewed in Ref. [16]. When

mismatch stresses or strain are produced during the phase

transformation between two coexisting allotropic phaseswith

different densities, they can be biased in the direction of the

external stress, resulting in a strain increment in the same

direction as the biasing stress, with a magnitude proportional

to the biasing stress [17e19]. If the internal mismatch is

regenerated constantly during cyclical phase transformation,

the average strain rate is proportional to the applied stress:

the average strain rate sensitivity is then unity, corresponding

to Newtonian flow and exceptional flow stability [20]. This can

result in tensile strain well in excess of 100%, in a phenom-

enon known as internal-stress superplasticity or trans-

formation superplasticity [16].

Although cycling the temperature around a phase trans-

formation temperature is the most common technique to

produce the reproducible internal stresses needed to generate

superplastic deformation (as demonstrated, e.g., in titanium

[19,21e25] and zirconium alloys [26,27]), hydrogen cycling at

a constant temperature can also produce transformation

superplasticity in titanium [26,28e31] or internal-stress plas-

ticity in palladium [32]. For pure a-titanium, the very high

diffusivity of hydrogen allow for rapid hydrogen charging by

exposure to a hydrogen-bearing atmosphere, which leads to

the formation of the b-Ti phase [28,33]. The hydrogen is then

rapidly discharged upon exposure to a vacuum or a hydrogen-

free atmosphere, resulting in a transformation back to the a-Ti

phase. Because this new method uses hydrogen to induce

internal-stresses at constant temperature, it has been called

“chemically induced internal-stress plasticity”, as opposed to

the more common thermally induced plasticity [28].

This paper demonstrates that superplastic deformation

can be achieved in pure zirconium by repetitive hydrogen

charging and discharging at constant temperature, similarly

to temperature cycling without hydrogen [26,27]. It is thus

relevant to our understanding of deformation of zirconium

which can be desirable (e.g., during a forming operation) or

undesirable (e.g., during unplanned hydrogen exposure). It

also provides some insight in the development of solid

hydrogen storage systems using zirconium hydrides as

hydrogen carriers.
Fig. 2 e Zirconium-hydrogen phase diagram [34] showing

the chemical cycling used in this study to induce

transformation mismatch plasticity at 810 �C.
2. Experimental procedures

Cylindrical specimens of commercially-pure zirconium

(>99.2% pure, United Titanium Inc., Ohio) were machined

with a gauge length and gauge diameter of 30.0 mm and

3.0 mm, respectively. The threaded specimen heads had

a length and diameter of 5 mm and 4mm, respectively, which

is only slightly larger than the gauge diameter of 3.0 mm to

avoid their possible role as hydrogen sinks/sources during

charge/discharge [31].

The experiments were carried out at 810 �C in a custom-

built machine (Fig. 1), which can perform reversible

hydrogen cycling under small tensile stresses at elevated

temperatures in a gas atmosphere [26]. The entering gas, with

a flow rate of 6 L/min, could be changed from high-purity
99.999% Ar to a gas mixture of 4% H2 in Ar using a premixed

gas tank. The hydrogen partial pressure used for all experi-

mentswas 450 Pa, corresponding roughly tow6 at. %, which is

well past the solvus line between the a-Zr þ b-Zr field and the

b-Zr field based on the published Zr-H phase diagram (Fig. 2).

The temperature was raised to 810 �C at the rate of 10 �C/min.

and was held at that temperature for 10 min before starting

each test. Prior to each measurement, the specimens were

pre-exposed to the Ar atmosphere for 10 min. For every

experiment, 5e7 consecutive chemical cycles were performed

and the average specimen length changes were calculated

without the first cycle as the dynamic equilibrium state is

normally reached after the first or second cycle [2,31]. Caution

was exercised to minimize zirconium oxidation on the

hydrogen charging/discharging experiments. A new sample

was used in each experiment whenever there appeared to be
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degradation in the hydrogen absorbing capacity, which

generally did not occur before w15 h of high-temperature

exposure. The changes in gauge length were measured using

an external linear voltage-displacement transducer (LVDT) at

the cold end of the load train. More experimental details can

be found elsewhere [28].
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3. Results and discussion

Fig. 3 shows a typical strain history during hydrogen charging/

discharging cycling with a half cycle time of 10 min and

a stress of 3.1 MPa. The cyclic oscillations in the curve corre-

sponded to a combination of strain increment and decrement

processes during hydrogen charging/discharging, due to

reversible lattice swelling from hydrogen dissolution, high-

temperature creep deformation, and zirconium phase trans-

formation [28,31]. A plastic strain increment of 2.5 pct was

obtained for each cycle, corresponding to an average strain

rate of 2.1 � 10�5/s for the cycle frequency of 3.0/h.

The magnitude of volume mismatch which can be

obtained by lattice swelling ismuch greater than that from the

phase transformation mismatch. For example, the magnitude

of the swelling volume mismatch in pure Ti, which is attrib-

uted mainly to deformation in the weaker b phase, was

approximately four times higher than that of the trans-

formation volume mismatch at 860 �C [28,29,35]. From the

phase diagram in Fig. 2, the estimated hydrogen composition

that is sufficient to minimize lattice swelling mismatch, but

can still allow complete TMP to occur, is w6 at %. The litera-

ture data indicates that the corresponding equilibrium partial

pressure of hydrogen can range from w47 to 695 Pa with an

average value of w404 Pa, according to Sieverts’ law [14]:

PH2
¼
�
Ceq

KH

�2

(1)

where PH2
is the hydrogen partial pressure, Ceq is the equi-

librium amount of absorbed hydrogen, KH is the Sieverts
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Fig. 3 e Strain history of Zr during five consecutive

hydrogen charging/discharging cycles ðPH2[04450 PaÞ at
810 �C and for an applied stress of 3.1 MPa, with 10 min

half cycles. The hydrogen charging and discharging

segments are shown specifically for the 4th cycle.
constant, and T is the absolute temperature. Fig. 4 shows the

stress dependence of the average strain increment accumu-

lated for hydrogen chemical charging/discharging with

a hydrogen partial pressure, frequency, and half cycle time of

w450 Pa, 3 h�1, and 10 min, respectively. The partial pressure

of w450 Pa was assumed to be sufficient or near sufficient for

a- to b-phase transformation with insignificant swelling

effect, if any. The strain increment per cycle shows linear

behavior with a slope of w14 GPa�1 at lower stresses up to

w2.6 MPa, beyond which a rapid, non-linear increase in

strain increment occurs, as reported in other studies [28,31].

The linear region can be extrapolated to a strain of �1.4% for

zero stress. This chemical ratcheting strain is of the same

sign, but higher by an order of magnitude than that measured

during ratcheting of titanium [29]. Direct comparison is

difficult, as these experiments were carried out at 860 �C on

specimens with shorter aspect ratios. Also plotted in Fig. 4 is

the creep strain accumulated for b-Zr at 810 �C for 20 min (the

time for a complete H-charging/discharging cycle) estimated

roughly using the creep parameters of b-Zr reported in

Ref. [36]. These strains are insignificant as compared to the

TMP strains for the stress range studied here. Also compared

is the creep data of b-Zr 705 alloy at 900 �C, a much higher

temperature than the current testing temperature, still

showing smaller strains accumulated at higher stress

levels [27].

Finally, reproduced in Fig. 4 are the strain increments for

thermal cycling between 810 and 940 �C as measured experi-

mentally for Zr at a frequency of 30 h�1 [26], an order of

magnitude higher than the one used for chemical cycling in

the present experiments. Although the TMP strains are

generally larger for chemical cycling than for thermal cycling
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Fig. 4 e Average strain increment accumulated in Zr for

hydrogen charging/discharging cycles ðPH2[04450 PaÞ
with 10 min half cycle time as a function of applied stress

at 810 �C (error bars are one standard deviation and

smaller than symbols, except for highest stress). Also

shown for comparison are data for thermal cycling

(T [ 810e940 �C, 1 min half cycle time) for pure Zr [26], the

creep strain increment calculated using the creep

parameters of b-Zr at 810 �C [36], as well as the creep strain

increment calculated from the creep data of b-Zr 705 alloy

measured at 900 �C [27].
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Fig. 5 e Strain increment per charging/discharging cycle

ðPH2[04450 PaÞ as a function of the half cycle period, for
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at a given stress, because of the additional swelling effect

[23,28], it is difficult to compare these two types of TMP strains

directly for the following reasons. First, the transformation

temperature between the a- and b-phases is 53 �C lower for

chemical cycling than for thermal cycling (810 vs. 863 �C), so
that the weaker phase accommodating mismatch during the

phase transformation (b-Zr) deforms more slowly in the

former case, thus decreasing the strain increment [37].

Second, the half cycle time used for thermal cycling is only

1 min, which is an order of magnitude lower than that for

chemical cycling, so that internal mismatch stresses are

higher, and internal strains decay less fully during the phase

transformation. Third, hydrogen-induced TMP depends on

the complexmotion of the a/b phase boundary, causing highly

inhomogeneous stresses localized in regions near the trans-

formation front [38]. This is in contrast to temperature-

induced TMP, for which transformation occurs by nucleation

and growth of numerous b grains homogenously distributed

within the volume of the sample.

Fig. 5 reports the results of a series of experiments where

the half cycle time t1/2 was varied from 1 to 18 min while
Fig. 6 e (a) Photograph of an undeformed Zr sample and a sam

hydrogen cycles ðPH2[04450 PaÞ at 810 �C. The stress was hel

Two steel nuts were screwed at each sample head to provide a g

Zr during the superplasticity test.
keeping the other variables constant (s ¼ 2.53 MPa,

PH2 ¼ 450 Pa, T ¼ 810 �C). The strain increment increases

almost linearly up to t1/2 w 11 min, after which it is near

constant. It thus appears that the minimum half-cycle time

required for complete transformation in the present samples

through the charging and discharging of hydrogen is

w11 min, which is in contrast to the half-cycle time of 5 min

reported for the complete transformation of commercially-

pure Ti with the same sample dimensions at a lower pres-

sure PH2 ¼ 200 Pa and higher temperature T ¼ 860 �C [31].

After a complete transformation is obtained at the half-cycle

time of w11 min, the sample experiences an insignificant

amount of excess creep deformation, which is characterized

by the plateau in Fig. 5. The half cycle time for complete

transformation without swelling can also be estimated

analytically as [38]:

t�1=2z
Ta2

Da

(2)

where T is the dimensionless time, Da is the diffusion coeffi-

cient, and a is the radius of a sample. The dimensionless

critical transformation time, T, was calculated to range from

0.23 to 2 (Eq. (3)), according to the range in Cb
S (w4.2ew5.7 at.%)

obtained from several different Zr-H phase diagrams

[34,39,40] based on [38]:

TzTa
CzX$

�
1� Ca

S

�
$

 
1� Cb

S

Cb
S

!�CaY

S

$Fð1�Ca
SÞZ (3)

where Ta
C is the critical transformation time for phase a, Cp

S is

concentration at the moving phase boundary in phase P, F is

ratio of diffusivities, and X, Y, and Z are geometry constants.

Taking the values for the radius of a specimen, a¼ 1.5mmand

Da ¼ 4.2 � 10-5 cm2/s (calculated as D0 exp(�Q/RT) with

D0 ¼ 2.9 � 10�3 cm2/s and Q ¼ �38.1 � 1.4 kJ/mol [41]), t1/2* also

varied from w2 to 18 min, which is roughly consistent with

the experimental value of w11 min from Fig. 5. The linear

behavior of a strain increment below t1/2*w11min is expected,

as the transformation is partially complete in that region. The

near zero slope for t1/2 > w11 min further confirms that

swelling effects are minimal after a full transformation is

achieved at 450 Pa H2.
ple deformed to an engineering strain of e [ 133% after 47

d at a constant 2.4 ± 0.06 MPa value during the entire test.

rip for the load train. (b) The corresponding strain history of
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Based on the parametric studies shown in Figs. 4 and 5, the

following parameters were selected to demonstrate the

superplastic behavior (defined here as a tensile strain in

excess of 100%): 12 min half-cycle time and a stress of

2.4 � 0.06 MPa (maintained constant by periodically reducing

the force on the sample because of its decreasing cross-

section, calculated by volume conservation). After 47

complete cycles, a pure zirconium sample achieved an engi-

neering strain of e ¼ 133% without significant necking or

fracture, as shown in Fig. 6(a). The average strain per cyclewas

1.9%, which is lower than the value of 2.7% expected from the

result in Fig. 5. This is due to the lower strain increments

accumulated at the end of the test, as shown in Fig. 6(b). On

the contrary, the average stain per cycle up to 900 min was

2.6%, similar to that of the value estimated from the result in

Fig. 5. The total strain increases approximately linearly up to

900 min, after which it gradually tapers off as the number of

cycles increases, as shown in Fig. 6(b). This leveling of the

strain in the final part of the strain history curve in Fig. 6(b) can

be attributed to the incomplete H-charging/discharging

caused by the formation of oxide on the specimen surface [15],

as indicated by the darker color of the tested specimen

compared to the untested one (Fig. 6(a)). On the other hand, in

Zr-based compounds used for hydrogen storage, such as ZrNi,

the hydrogen absorbing capacity is degraded after multiple

hydriding/dehydriding cycles, due to the phase decomposi-

tion and microstructural changes [2].
4. Conclusions

The formation of hydrides in zirconium alloys can be of

interest for various reasons, from storing hydrogen to

degrading zirconiummechanical properties. Here, we studied

the effect of hydrogen alloying/dealloying e a necessary step

to form hydrides in zirconium e upon pure zirconium sub-

jected to a tensile stress at 810 �C. We examined the case

where w6 at % H is added to Zr ðPH2 ¼ w450 PaÞ, which is

assumed to be sufficient or near sufficient to trigger the a�b

transformation with minimal hydrogen-induced swelling of

b-Zr, thus focusing on the effect of volume mismatch during

the phase transformation under stress. The strain increment

after a hydrogen cycle increased linearly with applied stress

(at low stresses of 1e3 MPa), indicative of transformation

mismatch plasticity. Additionally, the strain increment

increased near linearlywith the cycling period, as expected for

a diffusion-controlled process. Transformation superplas-

ticity was demonstrated in a sample which accumulated

a total engineering strain of 133% without fracture after 47

chemical cycles under a stress of 2.4 MPa.
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